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A central goal in quantum information science is to efficiently interface photons with single op-
tical modes for quantum networking and distributed quantum computing. Here, we introduce and
experimentally demonstrate a compact and efficient method for the low-loss coupling of a solid-state
qubit, the nitrogen vacancy (NV) centre in diamond, with a single-mode optical fibre. In this ap-
proach, single-mode tapered diamond waveguides containing exactly one high quality NV memory
are selected and integrated on tapered silica fibres. Numerical optimization of an adiabatic coupler
indicates that near-unity-efficiency photon transfer is possible between the two modes. Experimen-
tally, we find an overall collection efficiency between 18-40% and observe a raw single photon count
rate above 700 kHz. This integrated system enables robust, alignment-free, and efficient interfacing
of single-mode optical fibres with single photon emitters and quantum memories in solids.
Efficient coupling of stationary quantum memories to
a single spatial mode in silica fibre is of central impor-
tance in a range of quantum information processing ap-
plications, including long-distance entanglement of sta-
tionary quits and quantum networks [1–5]. Recently,
the efficient fibre coupling of atomic quantum memo-
ries also enabled large atom-cavity coupling [6–8] and
strong single-atom nonlinearities [9, 10]. Among solid
state qubits, the nitrogen-vacancy (NV) centre in dia-
mond has emerged as an attractive quantum memory
due to its optically addressable and long-coherence elec-
tronic and nuclear spin states [11, 12]. These properties
have enabled recent demonstrations of heralded quantum
entanglement [13] and teleportation [14] between two sep-
arated NV centres. To improve the entanglement proba-
bility in such schemes, an open experimental challenge is
to improve the efficiency with which single photons from
an NV centre can be channeled into a single guided opti-
cal mode. This has motivated a variety of light collection
approaches, including diamond micro posts [15], solid-
immersion-lenses [16–18], grating structures [19, 20], and
inverse tapered coupling to photonic integrated circuits
[21]. Several research efforts have also sought to inte-
grate quantum emitters directly with optical fibres, as
a way of eliminating non-essential optical components
and achieving compact and nearly monolithic interfaces.
Recently, fluorescence collection from colloidal quantum
dots and diamond nanocrystals containing single NVs
was proposed [22, 23] and demonstrated, often using a
tapered fibre section [24–29]. However, these approaches
use point-like emitters that exhibit poor collection effi-
ciency; in addition, the spin and optical properties of NVs
in diamond nanocrystals are degraded compared to bulk
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diamond [23]. Here, we introduce an approach that solves
these problems by adiabatic power transfer between a
tapered silica fibre and a single-mode diamond micro-
waveguide fabricated from high-quality CVD-grown dia-
mond. This integrated diamond-silica waveguide system
enables efficient optical collection from high-quality NV
centres.
We consider a tapered single-mode diamond micro-
waveguide in direct contact with the tapered section of a
single-mode optical fibre, as illustrated in Figure 1. The
diamond micro-waveguide is positioned by van der Waals
forces directly on the tapered fibre resulting in coupling
between the optical modes of the two structures.
For a slowly varying diamond width, corresponding to
a slowly varying effective refractive index, light in the dia-
mond micro-waveguide remains in the fundamental mode
of the combined diamond-silica structure. We analyse
this problem using coupled mode analysis, following a
similar analysis for coupling between a silicon waveguide
to a tapered fibre[30]. Figure 2a plots the effective in-
dices of the diamond and fibre modes as a function of
the diamond waveguide cross section, for a fixed fibre
diameter of 500 nm. Near a diamond cross section of
140 nm, a clear anti-crossing is observed as the matching
group indices of the waveguides results in strong mode-
coupling between them. The corresponding mode fields
are shown in Figure 2b. If the diamond taper is swept
slowly such that the optical mode remains in the ground
state through the transition from the diamond into the
silica waveguide, nearly 100 % power transfer is possi-
ble. Specifically, the diamond taper width Wd(z) must
satisfy:
dWd(z)
dz

(
dnd
dWd(z)
)−1
2pi
λo
(∆neff )
2 (1)
where dnddWd(z) , the rate of change of the fundamental di-
amond mode effective index versus diamond width, can
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FIG. 1. System Overview Schematic showing a diamond micro-waveguide containing an NV centre (grey) in parallel contact
with a tapered fibre segment (blue). Excitation and collection pathways are shown in green and red respectively. The inset
shows the diamond crystal lattice and the NV centre spectrum. The parameters in this experiment are the fibre diameter
D ≈ 500 nm, the diamond width (at z = 0), Wd(0) = 200 nm, and the taper length Lt = 5 µm. In the NV energy level
diagram, the zero phonon line is denoted by ZPL, the zero-field-splitting frequency of 2.87 GHz by ΩZFS and the Zeeman
splitting between the +1 and -1 states in a DC magnetic field by 2∆ω.
be computed from the derivative of the uncoupled dia-
mond band plot shown in Figure 2a. The parameters on
the right-hand-side of Eqn. (1) can be estimated from
the simulation shown in Figure 2a. Using λo = 637 nm,
∆neff = 0.13 and
dnd
dWd(z)
= 0.008, we thus obtained a
bound dWd(z)dz < 0.02. For Wd(0) = 200 nm this corre-
sponds to a taper length Lt = 10 µm. This is consistent
with the FDTD calculation shown in Fig. 2c, confirming
that the coupling efficiency increases with the length of
the diamond waveguide, as expected.
Next, we consider how the orientation of the NV, which
is assumed to be located at the centre of the diamond
micro-waveguide (see Figure 1), affects the coupling ef-
ficiency. In our simulation we consider three orthogonal
dipole polarizations along the axes shown in the inset of
Figure 1a. For an x-polarized dipole, a theoretical overall
collection efficiency of over 70% can be achieved, as can
be seen from the collection efficiency plot for the three
dipole orientations in Figure 2d. We also note that the
adiabatic coupling approach has the advantage of being
highly broadband, as is apparent from the FDTD calcu-
lations plotted versus excitation wavelength (Fig. 2e).
The system fabrication involves three main stages.
First, tapered fibres were fabricated from single-mode
optical fibres (Thorlabs 630HP) using a standard heat-
and-pull technique [31] while secured in a tapered fibre
mount (Fig. 3a) that is sealed to maintain a clean-air
environment and to block air flow. The fibre tapering
results in an adiabatic fibre mode conversion to main-
tain a high (≈ 90%) transmission of 633 nm laser light.
Although especially long tapers can provide efficiencies
around 97% [32], we used here shorter tapers as they are
easier to manipulate. Second, diamond micro-waveguides
were fabricated from a 200 nm thin film of [1 0 0] elec-
tronic grade synthetic diamond using transferred hard
mask lithography [33]. They are 12 µm long, with a 5
µm triangular taper on either side of a 2 µm section of
constant width (Fig. 3b). Third, we characterized and
selected individual diamond micro-waveguides contain-
ing exactly one NV centre before placing them onto the
waist of the tapered fibre using a nano-manipulator sys-
tem, where they adhere readily by van der Waals forces.
Fig. 3c shows a completed device. In a confocal scan,
the NV can be identified as a bright fluorescence spot to
the left of the centre of the micro-waveguide (Fig. 3d).
Here, we excited the NV from the top while collecting
photons through the left and right fibre ends, as seen in
the top and bottom panels, respectively. The ends of the
diamond micro-waveguides are also apparent as bright
fluorescence spots on the scan. At these positions, more
laser power is scattered into the fibre, causing increased
fluorescence background. The bright extended spot at
the right of the top panel is due to additional asymmet-
ric scattering from the tip of the diamond waveguide.
Optical measurements reveal the efficient collection of
NV fluorescence directly coupled into a single guided
mode. We detected NV fluorescence through both the
left and right fibre ends, as evidenced by the typical NV
spectrum with a pronounced zero phonon line around 637
nm (Fig. 4a).
By varying the pump power, we observe a saturation
behavior in the NV signal, (Fig. 4b,c). All fits are to a
model of the form:
I(P ) =
PIsat
(Psat + P )
+ CP (2)
where I is the measured intensity in counts per second
(cps), P is the pump power, Isat the saturation intensity,
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FIG. 2. System Simulation (a) Plot of the effective mode index of the fundamental mode of the fibre and diamond micro-
waveguide versus diamond width. The blue dotted lines show the uncoupled fundamental modes of each structure. The
horizontal line is the effective index of the lowest order fibre mode. The red lines are the coupled supermodes, which show an
anti crossing. (b) The field profile of the norm of the electric field is shown for the fundamental supermode of the combined
structure. From left to right, the diamond width ranges from 200 nm, 150 nm, 100 nm, and 50 nm. (c) FDTD calculation
using a mode source to excite the fundamental supermode. Collection efficiency approaches unity (over 98 %) (d) FDTD
calculation using a dipole source at three different polarizations. Blue, green and red are oriented along the x, y and z
directions, respectively. See Figure 1 for a coordinate inset. (e) Detailed view of the FDTD results vs. wavelength for a 15um
long diamond micro-waveguide. The polarization colour coding is the same as in (d).
Psat the saturation pump power, and C is a fitting pa-
rameter that characterizes the linear background contri-
bution. The fits estimate an overall Isat of (712±24) ·103
cps from both fibre ends. We measured the normalized
second order autocorrelation function of the fibre-coupled
light with a Hanbury-Brown-Twiss setup, using the fibre
itself as the intrinsic beamsplitter. The anti-bunching
with g(2)(0) = (0.15± 0.02) < 0.5 indicates the presence
of a single NV centre; no background was subtracted from
this measurement (Fig. 4d). This autocorrelation data
is fit to a three-level model,
g(2)(τ) = 1 + p2f (ce
−|τ |/τ1 − (1 + c)e−|τ |/τ2), (3)
where pf is the single photon emission probability, τ1 is a
time constant for the central anti-bunching dip, τ2 is the
time constant for correlation function decay at intermedi-
ate times, and c is a parameter describing the amplitude
of the bunching shoulders. We then estimated the back-
ground by plotting the parameter g(2)(0) = 1 − p2f for
different values of the excitation pump power (Fig. 4e).
Here we identify a maximum incident pump power of 2.25
mW focused to a spot size of approximately 0.6 µm, be-
yond which the background emission causes g(2)(0) > 0.5.
At this pump power, we use the green curve in Fig. 4b to
show that over 600,000 single photons per second are de-
tected. Fitting Eqn. (3) for a number of different pump
powers allows us to extract the inverse time constant,
1/τ1 (Fig. 4f). We see that 1/τ1 varies linearly for small
pump power, and extrapolation to zero power yields a
lifetime, τNV , of 15.7 ± 1.1ns, in good agreement with
previous studies on NVs in diamond nanowires [15].
We use two different metrics to characterize our ob-
served system efficiency. The first, relating the number
of guided photons to the total possible number of pho-
tons emitted with a unity quantum efficiency, is given
by,
β =
Γguided
Γdecay
, (4)
where Γguided is the total excited state decay rate into
the guided modes (into the fibre), and Γdecay is the total
decay rate of the NV centre (including both non-radiative
and radiative pathways). β is a lower bound on the ob-
served system efficiency if one assumes an NV quantum
efficiency of unity. We estimate the parameter Γguided
from our measurements of the observed count rate,
Γ∗guided = ηapd κtg κtaper Γguided, (5)
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FIG. 3. Device Fabrication (a) Tapered fibres with sub-wavelength diameter waists are fabricated using a heat and pull
method [31]. (b) Scanning electron microscope image of diamond micro-waveguides. (c) Optical image of assembled device,
consisting of a micro-waveguide placed onto a tapered fibre waist. (d) Confocal scans of fluorescence detected from two fibre
ends (shown in top and bottom panel). The micro-waveguide is optically pumped with a green (532 nm) laser excitation source.
Light originating from a single NV centre is shown in the dotted circles.
where ηapd is the quantum efficiency of our avalanche-
photo-diode (APD) detectors, κtaper the transmission ef-
ficiency of our tapered fibre, and κtg the transmission
efficiency of our filtering stages. In our experiment,
ηapd ≈ 65%, κtaper ≈ 95% and κtg ≈ 43%. κtaper
is obtained from transmission measurements of the fi-
bre during fabrication, and represents an upper bound
on the taper transmission. It is defined as the single-
sided transmission, from the centre of the taper to either
of the fibre ends. κtg is obtained from measuring the
transmission of a 635 nm laser signal through both left
and right filtering ports, providing an upper bound for
the filter stage transmission. We take a weighted av-
erage of these two measurements for our estimated κtg
and Γ∗guided = (712 ± 24) · 103 cps directly from the
parameter Isat above. Dividing out the transmission
factors gives a total single photon count rate of about
Γguided = (2.7 ± 0.1) · 106 cps . We determine Γdecay as
the inverse of the lifetime, 15.7 ± 1.1 ns. Finally, this
gives a value of β ≈ 4.2%. This lower bound of β does
not take into account the NV’s charge instability or the
non-unity quantum efficiency.
In a second method of estimating the collection effi-
ciency, we use the ratio of the guided photons to the
total number of radiated photons,
ηc =
1
1 +
Γfree
Γguided
, (6)
where Γfree is the decay rate into free space modes. ηc
differs from the first metric, because it requires an estima-
tion of the total number of radiated photons as opposed
to the total decay rate, which includes both non-radiative
and radiative terms. That is, we can write ηc = β/ηQE ,
5− 50 0 50 100 150 200 250 300
Delay Tim e (ns)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
g2
(τ)
550 600 650 700 750 800
Wavelength
0
200
400
600
800
In
te
ns
it
y 
(A
.U
.)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Power (m W)
0.0
0.2
0.4
0.6
0.8
1.0
g2
(0
)
0 1 2 3 4 5
Power (m W)
0
100
200
300
400
500
600
700
800
Ph
ot
on
 C
ou
nt
 R
at
e 
(k
cp
s)
Left  Collect ion
Right  Collect ion
Com bined Collect ion
a
d
b
e
0.0 0.2 0.4 0.6 0.8 1.0
Power (m W)
0.00
0.02
0.04
0.06
0.08
0.10
In
ve
rs
e 
Ti
m
e 
C
on
st
an
t 
(1
/n
s)
0 1 2 3 4 5
Power (m W)
0
5
10
15
20
25
30
35
40
Ph
ot
on
 C
ou
nt
 R
at
e 
(k
cp
s)
Object ive Collect ion
2.80 2.85 2.90 2.95
Frequency (GHz)
0.7
0.8
0.9
1.0
N
or
m
al
iz
ed
 C
ou
nt
 R
at
e
f
c
FIG. 4. Optical Characterization of Tapered-fibre Coupled Diamond Micro-waveguides. (a) Spectra in blue (red)
show NV fluorescence collected through left (right) ends. The zero phonon line and sideband are clearly detected. We observe
stronger signal from the right side, as both spectra are taken under the same integration time. (b) Saturation curves showing
photon count rates from NV centre versus pump power collected through the fibre. The blue (red) shows collection from the
left (right). (c) Saturation curve data using objective collection with an NA = 0.75 objective. The green curve is the combined
signal from both ends (with linear background subtracted), and hence the total number of guided single photons. (d) Second
order autocorrelation function taken using both fibre ends in a Hanbury-Brown-Twiss setup. Strong photon anti-bunching
with g(2)(0) < 0.2 is observed. (e) Strong photon anti-bunching is detected with g(2)(0) < 0.5 over a range of powers below
about 2.3 mW. The blue line is a guide to the eye, while the red dotted line denotes 0.5. (f) Measurements of the g(2)(τ)
time constant (describing the central dip at low pump power) fitted to a linear model yield a lifetime of 15.7 ns. (Inset)
Electron-spin-resonance showing a fluorescence dip at the zero field splitting frequency of 2.87 GHz
where ηQE is the quantum efficiency of the NV. We esti-
mate the free space decay rate from
Γ∗free = ηapd κtf κNA Γfree (7)
where κtf is the transmission efficiency of our confocal
microscope setup and κNA gives the fraction of photons
collected into the acceptance angle of our microscope ob-
jective (NA = 0.75, cover-glass corrected Zeiss). This
fraction is not easily obtained since the dipole orienta-
tions of our emitter are not known a priori. To estimate
the NV orientation in our diamond micro-waveguide, we
performed polarization-dependent excitation measure-
ments and fit the resulting fluorescence data assuming
two orthogonal NV radiation dipoles (see Supplementary
Information)[34][35]. With FDTD simulations, we then
obtained κNA. We also estimated a range for κtf based
on transmission measurements of our confocal setup, and
taking into account losses from the cover glass enclosing
our sample. From saturation measurements acquired via
the objective, we have Γ∗free = (16± 2) · 103 s −1. Using
the factors κlowtf ≈ 1%, κhightf ≈ 3%, κNA ≈ 20%, we esti-
mate an efficiency of ηlowerc ≈ 18.1% and ηupperc ≈ 39.8%.
The large range of κtf is caused by our collection optics,
as the fibre coupling efficiency is strongly dependent on
the position of the sealing cover slip in the focus, and
the setting of the correction ring of the objective. By
comparison, our FDTD-based calculation yields a lower
and upper bound on the collection efficiency of 0.49 and
0.52 respectively. We attribute the discrepancy primar-
ily to the assumption in our simulation of a triangularly
shaped diamond micro-waveguide tapered with ends go-
ing to zero width, an assumption that is not valid in the
experimental system. In addition, the NV is not located
exactly in the centre of the adiabatic coupler, and may
have different coupling efficiencies to either side. In prac-
tice, we can achieve micro-waveguide tips of about 50 nm
which creates a sudden index step at which scattering
losses can occur. Using the above estimates for the col-
lection efficiency, we obtain quantum efficiency bounds of
ηlowerNV ≈ 10.6% and ηupperNV ≈ 23.3%. These values are in
agreement with recent measurements in nanodiamonds
[27].
6The inset of Figure 4f shows continuous wave optically
detected magnetic resonance (ODMR) of our NV electron
spin. Separate Hahn-echo measurements on waveguides
produced in the same way indicate long phase coherence
times in excess of 100 µs (see SI)[36].
It is important to cover several limitations of our sys-
tem, and to highlight some aspects for future work. We
observed that the tapered fibre transmission degrades
over time because of the deposition of large scatterers,
such as dust. In future experiments this can be averted
by mounting the tapered section in a sealed container.
Furthermore, presently our method is limited by dia-
mond fabrication capabilities to make slowly tapering
structures, as we currently attach the waveguides on the
ends to a diamond substrate. With improved fabrica-
tion techniques, diamond waveguides could be made with
longer taper lengths and thinner tips, improving adia-
batic power transfer up to the theoretical limit close to
unity. Regarding our optical pumping scheme, we cur-
rently use confocal excitation to excite individual NV
centres in our devices. For a completely fibre-integrated
approach, it would be interesting to use a fibre-integrated
Bragg filter to allow excitation from one fibre end and
collection through the second fibre end. Such a system
could be cooled by simple immersion in a cryogenic fluid,
eliminating the need for a confocal microscope and in
principle allowing for lifetime-limited ZPL emission, an
important requirement for a number of quantum infor-
mation experiments.
In conclusion, we have demonstrated a novel approach
for the efficient integration of a high-quality quantum
memory directly with a silica fibre. With a raw count
rate exceeding 7 · 105 cps and g(2)(0)  0.5, we show
a roughly four fold improvement over previous fibre-
coupled approaches that used diamond point emitters
instead of wave guiding structures [16]. In addition, the
fibre background is strongly suppressed allowing excep-
tionally low g(2)(0) ≈ 0.15 (without background sub-
traction) for cross-correlation measurements in a fibre-
integrated system. This geometry can be used for co-
herent spin manipulation of a fibre-coupled spin qubit,
thereby providing efficient optical access to a long-lived
quantum memory. The deterministic pick and place
method presented here is amenable to larger scale in-
tegration and can be extended to the evanescent integra-
tion of diamond-based nano-cavities [37]. Furthermore, a
transmission configuration could open up possibilities for
long distance quantum communication experiments with
completely fibre-integrated components.
METHODS
We fabricate tapered fibres using a heat-and-pull tech-
nique with a fixed hydrogen flame and two motorized
stages. We use standard single mode fibre (Thorlabs
630HP), strip a 1 cm region of the outer jacket, and pre-
heat the region for 120 s. We then pull the stages in
opposite directions at a speed of 30 µm s−1. Laser trans-
mission at 630 nm is monitored throughout the pulling
process, and the stages are stopped manually when the
transmission begins to fall. We confirmed with scanning-
electron-micrscope and optical images that this diameter
is on the order of 500 nm.
Diamond micro-waveguides are detached and placed
onto the tapered region using a tungsten micro-
manipulator (Ted Pella). We use a rotation stage for
the fibre to align it parallel to the micro-waveguide. The
tungsten probe is held in a 3-axis piezo-controlled stage.
A home-built confocal microscope is used to excite the
NV centre. We use a 532 nm pump laser and focus it onto
our sample using a Zeiss NA = 0.75 cover-glass corrected
objective. We couple the signal from each fibre end to
free-space in order to filter out the pump with two 530
nm long-pass filters. The resulting signal is coupled back
into single-mode (SMF-28, Corning) fibre before being
directed to two avalanche photo-diodes (Pelkin-Elmer).
We perform cross-correlation measurements with a his-
togram of start-stop time intervals using a counting mod-
ule with a bin width of 256 ns.
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8SUPPLEMENTARY INFORMATION
A. Experimental Setup and Sample Preparation
The detailed experimental setup is shown in Fig. 5.
In this confocal setup, a 532 nm laser is scanned using
two galvanometers over the sample. The resulting flu-
orescence is filtered with a 550 nm long pass filter to
eliminate the green pump, and detected using avalanche
photo diodes (APDs). Note that light going to any APD
in the figure can equivalently be passed to a spectrome-
ter. Multimode fibre is used after the long pass filtering
stages to minimize losses.
Our fibre taper fabrication setup uses two motorized
stages pulling in opposite directions at a speed of 30
µm/s. We use a hydrogen gas flame to heat an approxi-
mately 1cm segment of a standard single mode fibre. The
region to be heated is stripped of its plastic jacket before
heating. The pulling distance is calibrated by monitor-
ing the transmission of a 635 nm laser. The process is
stopped manually when the transmission begins to fall
rapidly, allowing for < 500 nm taper diameter with trans-
mission > 90%. To secure the fibre, we use UV adhesive
glue and a curing lamp station. The fibre sits in a 500
µm deep groove in a metal holder. A glass cover-slip
is placed directly above, to protect the fibre and allow
optical excitation.
For assembly of the fibre-taper micro-waveguide sys-
tem, we use a tungsten probe (Tedpella 0.6 µm tip ra-
dius) to pick up and place individual diamond micro-
waveguides onto the tapered region. We place the fi-
bre mount on a rotating stage and image the fibre using
a high working distance homemade optical microscope.
We move the tungsten probe, with a three axis piezoelec-
tric micrometer system, into the same field of view, and
detach a single micro-waveguide onto the taper surface.
This is achieved by bringing the tip in contact with the
taper, after aligning the taper such that it is parallel with
the diamond micro-waveguide.
B. Spin Coherence in Diamond Micro-waveguide
Structures
To show the suitability of our diamond micro-
waveguides as quantum nodes, we performed spin mea-
surements on equivalent micro-waveguides containing
NVs. Measurements of the electron spin coherence time
using a Hahn-Echo pulse sequence in related diamond
micro-waveguide structures show T2 > 120µs (Fig. 6)
[36].
C. NV Orientation
To determine the orientation of an NV centre relative
to the micro-waveguide, we rotate the polarization angle
ψ of a linearly polarized pump beam, and record the
resulting fibre-coupled fluorescence. Such a method is
analogous to those in [27][34][35]. The results are given
in Fig. 7, which shows the raw polarization dependent
intensity data, as well as a fit to the function [27]:
I = Io(sin
2(ψ − φ) + cos2(ψ − φ) cos2(θ)) (8)
where the angles φ and θ denote the direction of the NV
symmetry axis in spherical polar coordinates. The fit
yields θ = 37.8± 1.7◦ and φ = 38.0± 2.5◦. The two NV
radiation dipoles are perpendicular to each other, and are
oriented in a plane perpendicular to the NV symmetry
axis. The orientation angle γ of the NV dipoles within
this plane cannot be determined from our measurement.
D. Numerical Simulations
We use a freely available MATLAB code developed
in [38] to calculate the band diagrams in the main text
(main text Fig. 2a). The fundamental anti-symmetric
mode is plotted in the main text. The corresponding
mode fields (main text Fig. 2b) are plotted using COM-
SOL, for the corresponding effective mode indices re-
turned by the MATLAB code.
We use the Lumerical FDTD solution package to cal-
culate the expected collection efficiency from a diamond
micro-waveguide coupled to an optical fibre. The micro-
waveguide is specified as three geometry blocks consisting
of two triangular tapered ends, and one central region of
constant length. The diamond index is specified as 2.42.
To sweep the length, we change the length of the two
tapered ends. The tapered fibre segment is modeled as a
dielectric cylinder with a refractive index of 1.52.
We monitor the flux through eight flux planes. Six
flux planes define a closed box surrounding the entire
structure. They are used to calculate the total power
emitted by a dipole source. Two square flux planes of
500 nm length are placed at the fibre ends. The collec-
tion efficiency is specified by the net optical power pass-
ing through the flux planes on the fibre with an added
correction to take into account the power transported
by the evanescent fields (in the wave guiding direction).
This power fraction is determined from a finite-element
method (COMSOL) and we determine that 91 percent
of the optical power travels within the fibre taper with
diameter of 500 nm. Finally, the collection efficiency is
defined by the ratio of the guided flux to the total flux,
all divided by the factor 0.91.
We use a dipole source that generates a gaussian pulse
for our optical excitation in the FDTD simulation. For
simplicity, we simulate an idealized system, and place
the source at the centre of the micro-waveguide. Each
simulation generates data at 50 frequency points between
538.4 nm and 738.5 nm. For varying diamond waveguide
lengths, we calculate the collection efficiency centered at
637 nm over a range from 563 nm to 733 nm.
9FIG. 5. Experimental Setup Illustration of confocal setup used to perform optical excitation and collection measurements.
The abbreviations are APD: Avalanche photo diode, LP: Long pass filter, CCD: white light camera, PM: power meter, HWP:
half wave plate, galvo: galvanometer, SMF: single mode fibre, MMF: multi mode fibre.
E. Determination of Collection Efficiency from
Realistically Oriented NV dipoles
Here, we proceed to use our knowledge of the NV ori-
entation and the results of FDTD simulations to esti-
mate two numbers. The first is the theoretical value for
the collection efficiency ηc, which requires a projection
of the dipole orientation onto the three basis polariza-
tions for which FDTD data is taken. The second is the
representative fraction of photons collected into the ac-
ceptance angle of the microscope, κNA which is necessary
to calculate Γfree, the total number of photons emitted
into free space. Γfree is used in the main text to deter-
mine an experimental value of ηc and through the rela-
tion ηc = β/ηQE to estimate the quantum efficiency. Our
methods are similar to an approach described in [27].
To determine the expected collection efficiency con-
sistent with the experimental parameters, we must take
into account the NV dipole orientations. We obtain the
collection efficiencies from FDTD simulations of a single
dipole along X,Y, and Z directions. We then take the
projection of the NV dipoles onto these axes, and de-
termine the collection efficiency for a micro-waveguide of
length 12 um.
To obtain the dipole projections onto the X,Y, and Z
axes we note that the NV dipoles are oriented according
to the angles θ, φ, and γ (see Fig. 7). γ is undetermined
from our measurements, so in the following discussion we
sweep γ over 360◦. For the other angles we use φ = 38◦
and θ = 37.8◦. The projections are obtained by applying:
dkfinal = RX(φ)RZ(θ)RX(γ)dkinitial (9)
where k = 1, 2. d1initial points along the Z axis and
d2initial along the Y axis. RX generates a rotation about
the X axis. RZ generates a rotation about the Z axis.
The components of dkfinal (dkX ,dkY ,dkZ) contain the de-
sired projection.
We denote the simulated collection efficiencies for a
dipole oriented in the X,Y, and Z directions as ηX , ηY ,
and ηZ respectively. Then the collection efficiency from
each NV dipole is computed as:
ηck =
√
(ηXdkX)2 + (ηY dkY )2 + (ηZdkZ)2 (10)
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FIG. 6. Hahn Echo of NV electron spin in Diamond Micro-waveguide Hahn-echo showing T2 > 120µs [36]
for k = 1,2 and ηX , ηY , ηZ = 0.71, 0.63, 0.04. The total
efficiency is the average of the two dipole contributions:
ηc =
ηc1 + ηc2
2
(11)
By variation of γ, we obtain the following range of val-
ues for the theoretical collection efficiency: 0.49 < ηc <
0.52.
From FDTD calculations, we determined the κNA for
the X,Y,Z directions by calculating the fraction of the
free space power radiated into an objective of NA = 0.75.
This corresponds to an acceptance cone of half angle
48.6◦. The calculation is performed using the Lumerical
FDTD farfield3dintegrate routine and correcting for
the guided power (since we are interested in the fraction
of the free space power).
In exactly the same way as before, we calculate κk
(dropping the NA subscript for clarity) using all three
dipole components:
κk =
√
(κXdkX)2 + (κY dkY )2 + (κZdkZ)2 (12)
for k = 1, 2 and κX , κY , κZ = 0.09, 0.22, 0.21. The
total efficiency is:
κ =
κ1 + κ2
2
(13)
By variation of γ, we determine: 0.197 < κNA < 0.198
11
0°
45°
90°
135°
180°
225°
270°
315°
1020
3040
5060
7080
90
c
0 20 40 60 80 100 120 140 160 180
Angle ψ (degrees)
0
20
40
60
80
100
In
te
ns
it
y 
(k
cp
s)
a b
Z
X
Y
Φ
θ
d1
d2
γ
Lt
Pump
Fluoresence
Collection
WdD
x
y
z
FIG. 7. Excitation Polarization Sweep (a) Polarization dependent fluorescence data for a single NV in a diamond micro-
waveguide. (b) Same data as in (a) but in polar form. (c) Coordinate inset showing NV symmetry axis (blue) and NV
radiation dipoles d1 and d1. Note that, as in the main text, our Cartesian system is oriented such that Z is along the fibre, and
the X axis points to the objective.
